Relatively few biodegradation studies have been made on mixtures containing both resistant and readily metabolizable compounds. Under some circumstances, a cosubstrate like glucose may accelerate the breakdown of refractory molecules (16, 17, 19) . Cometabolism (15) can be invoked to explain such results. However, in a survey of various monosubstituted aromatic compounds, we found that addition of benzoate as a cosubstrate failed to shorten the length of the adaptation period required by domestic sewage (H. D. Haller, J. Water Pollut. Control Fed., in press).
This report describes the kinetics of biodegradation by adapted sewage. Preliminary experiments showed that p-nitrobenzoic acid (p-NBA) was degraded less rapidly by adapted sewage when benzoate was also present as a cosubstrate. Moreover, this result was reproduced in axenic culture of a pseudomonad isolated from soil. Therefore, the bacterial isolate was used as a model for the more complex ecosystem of adapted sewage. Gaudy and Gaudy (12) discuss their extensive studies on catabolite inhibition, as distinct from catabolite repression. They observed catabolite inhibition when sewage which was actively removing one carbohyrate substrate was subjected to "qualitative shock loading" of another carbohydrate substrate. We can report very similar findings to those of Gaudy and his group, although the substrates used in this study were benzoic acids rather than carbohydrates.
The degradation of p-NBA by Pseudomonas fluorescens was reported by Durham to proceed through p-aminobenzoic acid (p-ABA), p-hydroxybenzoic acid (p-HBA), and protocatechuic acid (9) . Subsequent workers (4, 6, 13) found that p-ABA was not always on the direct dissimilatory pathway and that, under those circumstances, p-NBA was degraded directly to p-HBA. They extended Durham's findings (9) by demonstrating that p-NBA degradation by this pathway occurred in other Pseudomonas strains (6, 13) and in various Nocardia species (4, 6) . Nocardia erythropolis also produced 4-nitrocatechol (4-NC) from p-NBA, apparently as a side reaction (5) .
(This paper was presented in part at the Annual Meeting of the American Society for Microbiology, New Orleans, La., 10 May 1977, abstract Q76, p. 274.)
MATERIALS AND METHODS Media. The mineral salts medium used in this work contained, per liter of distilled water: KH2PO4, 1.5 g; Na2HPO4 7H20, 1.9 g; (NH4)2S04, 0.5 g; MgS04 7H20, 0.02 g; CaCI2 2H20, 0.1 or 0.01 g; FeSO4 7H20, 0.05 or 0.005 g; MnSO4 H20, 1 mg; ZnSO4 H20, 1 mg; and NaMoO4 .2H20, 0.1 mg. The final pH of this medium was 6.8. The CaCl2 2H20 and FeSO4-7H20 were added at the higher concentrations (0.1 and 0.05 g, respectively) for the preliminary work reported in Fig.  1 . The lower concentrations were used for the remainder of the experiments.
Media used for the taxonomic characterization of the isolate were those described by Stanier et al. (23) , except that the above mineral salts solution was used as a base. Nitrogen-free medium was that of Stockdale et al. (24) . Phosphate buffer contained 1.5 g of KH2PO4 and 1.9 g of Na2HPO4-7H20 (18 mM) and had a pH of Sewage sludge was obtained from the primary influent stream of the City of Ithaca treatment plant. After the solids had settled, the turbid supernatant fluid was decanted and used as inoculum. The adapted sludge used for the experiment shown in Fig. 1 Fig. 1 ) and later confirmed with the oxygen electrode. Moreover, the benzoate inhibition of p-NBA degradation was exhibited not only by adapted sludge (Fig. 1A) , but also by an organism isolated from soil usingp-NBA enrichment (Fig. 1B) . The isolatedp-NBA utilizer was therefore studied as a model for sewage adapted top-NBA.
Characteristics of thep-NBA utilizer. The organism appeared to be an unpigmented P. cepacia (2, 7, 23 with up to six polar flagella at one end. It was 1.4 to 2.6 ,um long and 0.6 to 0.7 ,um wide, and the flagella were about 5 ,um long. Inclusions of poly-,B-hydroxybutyrate could be observed microscopically, and the polymer was demonstrated chemically (14) . Pigment production was never observed. Colonies on agar media were white, smooth, entire-edged, and shiny. The isolate was an excellent scavenger and conserver of nitrogen. In a growth experiment with nitrogenfree medium, the population increased more than sixfold in 36 h, but it showed arithmetic rather than exponential growth.
The organism was isolated from soil on p-NBA, which it utilized adaptively, and was maintained on 500 to 1,000 mg of p-NBA per liter (p-NBA is a relatively nontoxic substrate). It utilized benzoate, also adaptively, at concentrations up to at least 1,000 mg/liter. We found that it cleaved the aromatic rings of both compounds by the ortho fission mechanism (23 As shown in Table 1 , the organism had a higher growth rate and shorter lag on medium in which glucose and phosphate were autoclaved together than it did on medium in which glucose was autoclaved separately, at double strength, and combined with the other medium components, also double strength, after autoclaving. This probably reflects a need of the organism for chelated iron, as discussed at length by Lankford (18). Autoclaving itself had no effect on either the lag or the growth rate for any of the aromatic substrates (with the possible exception of p-ABA, which may be somewhat unstable on autoclaving). These aromatic substrates evidently chelate sufficient iron (18) so that the growth rate on them is equal to or greater than that on autoclaved glucose. When benzoate-grown cells were inoculated into flasks containing both benzoate andp-NBA, the cells adapted to the p-NBA during the time in which they grew on the benzoate, and no diauxic lag occurred (Fig. 2) . On the other hand, if the cells were allowed to consume the benzoate completely before the p-NBA was added, there was a considerable lag before growth began on the p-NBA. Cells grown on p-NBA exhibited similar behavior in an experiment in which the roles of the substrates were reversed (also Fig.  2 ). This is in agreement with the findings of Oda (21), who worked with anthranilic and benzoic acids, neither of which induced the enzymes for the degradation of the other. He reported that when the two adaptive substrates were both present during growth, there was no lag before growth began on the second, as there would be if the first were exhausted before the second was added. The same effect has also been found by Cain (3) Spectra from 200 to 340 nm were run on all samples forp-NBA determination to monitor for the possible formation of any ultraviolet-absorbing intermediates or products. Nitrate (as well as nitrite) is one such product, since it absorbs strongly below 240 nm, with Amax about 208 nm. Because there was no rise in low-wavelength absorbance greater than that in no-substrate controls as p-NBA was metabolized, it can be concluded that nitrate is not formed from p-NBA. Thus, the nitrogen-containing group probably is released into the medium in the form of ammonium ion.
Since it seemed quite plausible that 4-NC might be produced from p-NBA in the presence of benzoate and its metabolizing enzymes (5), repeated searches for 4-NC were made. In the experiment shown in Fig. 2 Oxygen uptake ofp-NBA utilizer. Washed cells of the bacterial isolate suspended in phosphate buffer exhibited immediate uptake of oxygen with the substrate on which they were grown. However, if the cells grown on one substrate (e.g., p-NBA) received additions of the other (e.g., benzoate) in the test system, the oxygen uptake was initially very low. Following this brief lag period, before adaptive enzyme synthesis began, there was a period of about 3 h during which successive additions of benzoate caused increased oxygen uptake rates. After h 4, further additions of substrate did not cause further increases in the respiration rate. To prevent such adaptive enzyme synthesis when it was not desired, chloramphenicol was used in subsequent experiments.
Oxygen uptake was studied with various substrates and combinations of substrates. The results of the experiment in which cells adapted to p-NBA were studied are shown in Fig. 3 and Table 2 . Clearly, benzoate is a competitive inhibitor of oxygen uptake onp-NBA. Thep-NBA concentration at which the rate (without inhibitor) was half-maximal, Km, was 24 NAM, and the inhibition constant, calculated from Fig. 3 and also found on a plot of l/vi (rate in the presence of inhibitor,-') versus benzoate concentration, had a value of about 18 ,AM benzoate.
In the reverse experiment with benzoategrown cells, however, it was found that p-NBA did not have any inhibitory effect whatever on the rate of oxygen uptake on benzoate. In two experiments, 100 and 170 ,ug of chloramphenicol per ml did not completely prevent an increase in the rate of benzoate oxidation with time. When rate of oxygen uptake was plotted against time, a series of curves was produced with substrate (benzoate) concentration as a parameter, but p-NBA concentration had no effect. Values of Km obtained from these plots appear in Table 2 . These values are of the same magnitude as those found for p-NBA (Fig. 3 and Table 2 ).
Benzoate also inhibited oxygen uptake of p-HBA-grown cells on p-HBA, but the inhibition was not strictly competitive as was that observed for p-NBA. The Km on p-HBA was about 5 ,uM.
A single run with the oxygen electrode was made to study the respiration of p-NBA-grown cells with p-ABA as substrate. The uptake of oxygen was immediate, indicating that the cells possessed the enzymes necessary forp-ABA metabolism when grown on p-NBA. The data were difficult to interpret because the oxygen uptake plots were curved rather than straight and had slopes increasing until oxygen depletion set in. Perhaps the simplest explanation for this type of curvature would be substrate inhibition. A plot of the initial slopes of the oxygen uptake data suggested that Km might be about 23 AtM. It is apparent from this experiment and from the growth experiment in which p-NBA-grown cells were inoculated into p-ABA medium (Table 1) that adaptation to p-ABA was simultaneous with adaptation to p-NBA. We have no more direct evidence as to whether p-NBA was reduced to p-ABA before being metabolized to p-HBA (as found by Durham [9] ) or whetherp-NBA was metabolized directly to p-HBA (as found by Cartwright and Cain [6] ). It seems likely that p-ABA is in the pathway of p-NBA metabolism by this isolate, not only because of the simultaneous adaptation to the two substrates (22) , but also because no nitrate or nitrite was released from p-NBA.
DISCUSSION
The p-NBA-utilizing isolate degrades p-NBA and benzoate, using previously reported pathways (9, 26) , by ortho cleavage and by separate inducible enzyme systems. The degradation of benzoate by benzoate-adapted cells proceeds at the same rate whether or notp-NBA is present, but the degradation of p-NBA by p-NBAadapted cells is competitively inhibited by benzoate. Perhaps an active site on benzoate oxidase cannot accommodate the larger p-NBA molecule, but the active site on thep-NBA-degrading enzyme can be occupied by the smaller benzoate molecule.
These findings can be compared with those of Cain (3), who found that o-nitrobenzoate and oaminobenzoate acted as mutual inhibitors of both growth and substrate oxidation. Cain studied N. opaca and a flavobacterium. The very much slower rates for Nocardia than for Pseudomonas made it possible to see an increase in the lag before exponential growth (over 10 additional h) in the presence of the inhibitor with N. opaca; a half-hour lag for a Pseudomonas is of doubtful significance. The values of Km for this isolate were one-quarter to one-half of those found by Cain for N. opaca on o-nitrobenzoate and o-aminobenzoate, but the inhibition constant for the inhibition was very much smaller.
The possibility that the inhibition resulted from 4-NC production fromp-NBA by benzoate oxidase, analogous to catechol production from benzoate, can be dismissed based on three observations. First, degradation of 500 mg of p-NBA per liter, with or without the presence of benzoate, was usually accompanied by a negative Arnow test for catechols or occasionally by the production of at most 1 mg/liter. Second, the oxygen uptake on p-HBA as well as on p-NBA in oxygen electrode experiments was inhibited by benzoate; the production of 4-NC from p-HBA and benzoate is clearly impossible. Third, the inhibition of p-NBA degradation takes place in the absence of the adaptive benzoate-degrading pathway, with chloramphenicol present.
The technique described here of making a series of measurements with the oxygen electrode in rapid succession by adding small increments of substrate with a microliter syringe proved a very simple and straightforward method for determining some kinetic constants in whole cells. Such data were in good agreement with data from growth experiments. From the Km values in Table 2 , it can be concluded that the rate-limiting step for p-NBA degradation occurred on the pathway between p-NBA and p-HBA rather than after p-HBA. The growth rate data of Table 1 are consistent with that conclusion.
It is noteworthy that, once it is fully adapted, the isolate grows on p-NBA, a substrate which does not appear to be widely utilizable (9) , at a rate equal to or even a little greater than the rate at which it grows on glucose. This serves once again to point up the fact that words like "biodegradability" require operational definitions. A distinction must be drawn between a compound which is intrinsically resistant to degradation and a compound which is readily degraded but by only a very limited number of organisms, few of which may occur in the ecosystem under study.
This work was undertaken to model and confirm observations first made with adapted sewage. Even at the start it was recognized that treatment of wastes containing p-NBA is not a troublesome problem. Nevertheless, the system p-NBA and benzoate provides a clear example of a situation for which separate treatment would be more rapid than combined treatment. Closely related chemical compounds are more likely perhaps to interfere with each other's metabolism than unrelated compounds. Additional examples of such interferences are under study.
